Objective. First, we tested the hypothesis that the rate of change of physical frailty and cognitive function in older adults are correlated. Next, we examined if their rates of change are associated with the same brain pathologies.
C
ONCEPTS of chronic age-related neurologic diseases are evolving with evidence that Alzheimer's disease (AD), Parkinson's disease (PD) and cerebrovascular disease pathology are common in older individuals without overt neurologic disease (1) (2) (3) . Moreover, the presence of these pathologies in older adults is associated with a wider range of clinical manifestations including higher levels of frailty and lower levels of physical and cognitive functions (4) (5) (6) (7) .Despite these advances, there are several important gaps in our knowledge about progressive frailty and cognitive decline in older adults (8) (9) (10) (11) (12) . First, because prior studies have examined the rate of change in frailty or cognition separately, it is not known to what extent their rates of change are correlated (13, 14) .Second, in prior work, separate analyses showed that the pathologies of AD, PD, and cerebrovascular disease were related to progressive frailty and cognitive decline (4, 7) . It is not known whether the same pathologies are associated with the rate of change in frailty and cognition in the same individuals.
We used data from 2,167 older persons participating in two cohort studies of aging that include brain donation at death. First, we tested the hypothesis that the rates of change of frailty and cognition are correlated. Second, we tested whether their rates of change were related to the same brain pathologies (15, 16) .The measure for frailty used in this study is based on the physical frailty measure proposed by Fried and colleagues (10) and has been used by many investigators and does not include cognitive function. Measures of physical frailty and cognition were derived from structured annual assessments and postmortem indices were obtained from autopsy. Bivariate random coefficient models were used to estimate simultaneously the rates of change in both cognition and frailty, and the correlation of the level of and the rate of change in both functions was characterized by a joint distribution of the random effects. We also examined whether postmortem indices of common brain pathologies are associated with both worsening physical frailty and cognition.
Methods

Participants
Participants are from two ongoing studies of aging approved by the Institutional Review Board of Rush University Medical Center. Participants in both studies agree to annual clinical exams and autopsy at the time of death. Both studies employ common antemortem and postmortem data collection allowing analyses of data from the combined cohorts (15, 16) . Participation in the annual follow-up evaluations exceeds 90% of survivors and the autopsy rate exceeds 85%. In these analyses, baseline is the cycle in which the first valid frailty assessment with a valid measure of cognition during the same cycle was available.
At the time of these analyses, 2,607 participants had enrolled and completed their baseline clinical assessment for these analyses (Religious Order Study [ROS] : N = 1,088; Memory and Aging Project [MAP] : N = 1,519). To calculate the rate of change in frailty and cognition only cases with two or more valid frailty and cognition assessments were included (mean = 5.4, SD = 2.9, range = 2-16), about 75% had four or more assessments. There were 440 who were excluded because they did not have a second evaluation either because they died before their second visit, had not been in the study long enough for follow-up assessment, or were lost to follow-up, leaving 2,167 for these analyses.
Cognition and Clinical Diagnoses
An annual uniform structured clinical evaluation includes medical history, neurologic examination, and neuropsychological performance tests (15, 16) . Nineteen cognitive tests were assessed and their scores were used to create a composite measure of global cognitive function to minimize floor and ceiling effects (14, 15) . Dementia (N = 121, 5.6%) was diagnosed in a three-step process. Cognitive tests were scored by a computer and reviewed by a neuropsychologist to diagnose cognitive impairment. Then, participants were evaluated by a physician who used all cognitive and clinical data to diagnose dementia (15, 16 ). Parkinson's disease (N = 20, 1%) was based on a self-report history of PD for which the participant received treatment with levodopa (5).
Physical Frailty
Physical frailty was based on grip strength, timed walk, body composition, and fatigue. These components were not weighted and were summarized in a previously established continuous composite measure (see Supplementary Methods) (6, 7, 13, (17) (18) (19) . To be consistent with prior frailty measures, composite physical frailty is constructed so that a higher value was indicative of more severe frailty.
Comorbidities and Other Covariates
Sex and years of education were recorded at the baseline interview. Age in years was computed from self-reported date of birth and clinical evaluation date. Seven chronic diseases were documented at baseline based on self-report of hypertension, diabetes, myocardial infarction, cancer, thyroid disease, head trauma, and stroke (16) .
Postmortem Indices
Brain removal, tissue sectioning and preservation, and a uniform gross and microscopic exam with quantification of postmortem indices followed a standard protocol. Postmortem indices included the presence of chronic macroinfarcts and microinfarcts as well as semiquantitative measure of nigral neuronal loss and a summary measure for AD and Lewy body disease pathology (see Supplementary Methods).
Statistical Analyses
Pairwise associations of baseline frailty and cognition with demographic variables were examined using Pearson correlations. Bivariate random coefficient models were used to estimate simultaneously the levels and rates of change of frailty and cognition, and the correlation of level of and change in both outcomes was characterized by a joint distribution of the random effects. These models examined the simultaneous rate of change in frailty and cognition over the same interval of time. Subsequent analyses controlled for demographic (age, sex, and education), and chronic health conditions. In a final series of analyses, we added terms for postmortem indices and estimated to what extent postmortem indices were associated with the rates of change in frailty and cognition. Models were examined graphically and analytically, and assumptions were judged to be adequately met. Quantile-quantile plots were reviewed to insure that composite measures of frailty and global cognition were not affected by floor and ceiling effects (see Supplementary Methods). A priori level of statistical significance was .05. Programming was done in SAS version 9.3 (SAS Institute Inc., Cary, NC) (20) .
Results
Clinical Characteristics of Participants at Baseline
Clinical characteristics of participants in these analyses at baseline are included in Table 1 . Frailty at baseline ranged from −1.69 to 2.40 with a more positive value indicative of more severe frailty, on average frailty was −0.03 (SD = 0.59). Frailty was associated with age (r = .48; p < .001) and education (r = −.16, p < .001). At baseline, women were more frail (t 2,165 = 2.59, p = .010). Cognition at baseline ranged from −3.45 to 1.46 with a more positive value indicative of better cognition, on average cognition was 0.07 (SD = 0.63). Cognition was associated with age (r = −.37; p < .001) and education (r = .33, p < .001). At baseline, cognition was higher in women (t 964 = 2.23, p = .026). At baseline for these analyses, frailty and cognition were related (r = −.43, p < .001).
Correlation of Levels and Rates of Change of Frailty and Cognition
Worsening frailty and cognition occur simultaneously in the same individuals and their initial levels and rates of change may not be independent. Comparing the level and rate of change of frailty and cognition derived from separate models assumes they are independent outcomes and may underestimate their associations. Therefore, in these analyses, we employed bivariate random coefficient models which used the repeated clinical observations to estimate the correlation structure between frailty and cognition. This single model examines the associations of baseline level of frailty and cognition with the rate of change in frailty and cognition and the extent to which simultaneous change in frailty and cognition are associated. Crude paths of change (gray lines) and mean paths of change predicted by the model (black) in frailty (top) and cognition (bottom) during this study are illustrated in the left upper and lower panels of Figure 1 .
Average follow-up was 6 years (5.9 years, SD = 3.98 years). On average, frailty increased by about 0.09 units/y (0.088, SD = 0.044) with a range from −0.012 unit/y to 0.272 unit/y. On average, cognition declined about 0.08 unit/y (−0.077, SD = 0.094) with a range from −0.582 unit/y to 0.123 unit/y. Examining the slopes measures for physical frailty and cognition, about 17.0% showed progressive frailty alone (N = 369, 17.0%) but most showed progressive frailty and cognitive decline (N = 1,794, 82.8%) and <1% showed only cognitive decline. At baseline, individuals with both progressive frailty and declining cognition were older, had less education, were more frail, and had lower cognition compared with individuals with only progressive frailty (results not shown).
At baseline, individuals with more severe frailty tended to have lower cognition but only about 20% of the estimated shared variance of cognition (estimated by squaring the correlation and multiplying by 100) was associated with the severity of frailty (Table 2) . Baseline frailty was associated with the rate of change in frailty and cognition (Table 2 ). However, these associations accounted for less than 20% of the shared variance (about 16% or 13%). Similar associations were noted for baseline cognition with declining cognition and progressive frailty (Table 2) . Thus, baseline levels of frailty or cognition only account for a small amount of the variance in either progressive frailty or declining cognition.
In contrast, the simultaneous change in the person-specific rates of change of frailty and cognition was strongly correlated (r = −.73, p < .001) but almost 50% of the estimated shared variance remained unexplained (Table 2) . Similar findings were observed in analyses of only those individuals who died and underwent autopsy (r = −.70, p < .001).
On the left in Figure 2 is a two-dimensional histogram of the model derived annual rates of change in frailty and cognition. The points cluster along the full range of the diagonal, indicating a strong linear association between the rates of change in frailty and cognition. The density map on the right side of Figure 2 highlights the strong relationship between the rates of change in frailty and cognition.
Determining the rate of change of frailty and cognition in separate models assumes they are independent outcomes Notes: *Estimated correlation between the baseline and longitudinal terms included in the simultaneous bivariate random coefficient models ( Figure 2 ). The core model included terms for baseline frailty and cognition and their interaction with time, that is, the rate of change in frailty and the rate of change in cognition. Progressive frailty and declining cognition were inversely related because the summary measure for cognition was constructed so that a higher value was indicative of better function and the frailty measure was constructed so that a more positive value was indicative of more severe frailty. and may therefore underestimate their association. We compared the association between the rates of change in frailty and cognition derived from a single simultaneous change model with the results derived from separate mixed-effect models. The rates of change in frailty and cognition derived from separate models were strongly correlated (r = −.52, p < .001) but less than the association derived from a single simultaneous change model (Table 2) .
In sensitivity analyses, we repeated the models described above after excluding cases with clinical dementia or a diagnosis of PD at baseline and the correlation of the rate of change in frailty and cognition remained highly significant (r = −.69, p < .001). Similar findings were observed in analyses of only those individuals who died and underwent autopsy (r = −.66, p < .001).
In further analyses, we considered several other covariates which might affect the relationship between frailty and cognition. Prior literature suggests that demographic variables and race may be associated with the rate of change in frailty and cognition, so we added terms to control for age, sex, education, and race and their interaction with time (21-23). Age but not sex, education or race was associated with the rates of change in frailty and cognition (results not shown). The association between simultaneous change in frailty and cognition was significant when controlling for demographic variables and race (r = −.68, p < .001). Similar findings were observed in analyses of only those individuals who died and underwent autopsy (r = −.69, p < .001).
Poor health can affect both frailty and cognition. The number of chronic health conditions present during the study was associated with the rate of change in frailty but not in cognition (results not shown). Controlling for the number of chronic health conditions present during the study did not affect the correlation of the rate of change in frailty and cognition (r = −.74, p < .001). Similar findings were observed in separate analyses of those individuals who died and underwent autopsy (r = −.72, p < .001).
Because there were more women than men included in this study (Table 1) , we examined separate models. Simultaneous change in frailty and cognition was associated in both men (r = −.78, p < .001) and women (r = −.73, p < .001). Similar findings were observed in analyses of only those individuals who died and underwent autopsy (men [r = −.72, p < .001]; women [r = −.71, p < .001]).
The individuals included in these analyses derived from two different studies. In separate analyses, the association of progressive frailty and cognitive decline was significant in both studies (ROS: r = −.78, p < .001; MAP: r = −.67, p < .001). Similar findings were observed in separate analyses of only those individuals who died and underwent autopsy (ROS: r = −.72, p < .001; MAP: r = −.70, p < .001).
Correlation of Rates of Change of Components of Frailty and Cognition
Because frailty is a multidimensional construct, it is possible that the rate of change in cognition may be associated with some of the individual components of frailty but not others. We repeated the analyses described earlier for physical frailty for its components (grip strength, gait speed, and body mass index) which were amenable to these longitudinal analyses. In separate models, the rates of change of all three components were significantly correlated with the rate of change in cognition. The strongest correlation was between the rates of change of gait speed and cognition (r = −.67, p < .001). The rates of change in grip strength and cognition were also strongly correlated (r = −.51, p < .001) although the rates of change in body mass index and cognition were much less strongly correlated (r = −.17, p = .003).
Associations of Brain Pathologies and the Rates of Change of Frailty and Cognition
A shared pathologic basis might account for the strong association between worsening frailty and cognition. There were 976 of 2,167 cases included in these analyses who died (45%) and 872 (89.3%) underwent a brain autopsy. A uniform neuropathologic examination had been completed in the first consecutive 828 individuals (ROS = 475, MAP = 353). A summary of the five brain pathologies measured in this study are included in Table 1 . About 85% of cases had evidence of one or more neuropathologies (1 = 33.3%; 2 = 30.2%; 3 = 16.6%; 4 = 3.9%; 5 = 1.0%).
We repeated the core model (Table 2) in deceased participants who underwent autopsy and added four terms for each of the postmortem indices and terms for age, sex, and education as well as the interactions of these seven terms with time to the core model (Table 2) to determine if brain pathologies were associated with the rates of change of frailty and cognition. In this model, the correlation between the simultaneous change in frailty and cognition remained significant (r = −.708, p < .001). The presence of macroinfarcts, AD pathology, and nigral neuronal loss were each associated with a more rapid progression of frailty and declining cognition during the study, whereas microscopic infarcts was not (Table 3) . Similar findings were obtained in a model which included Lewy body pathology instead of nigral neuronal loss (results not shown). As in earlier work when terms for Lewy body pathology and nigral neuronal loss were included together the association of Lewy body pathology and progressive frailty is no longer significant (results not shown) (5, 7) .
The right panels of Figure 1 illustrate the additive effects of these three pathologies on the rate of change of frailty and cognition by showing the trajectories for four average participants with increasing burden of these pathologies. The rate of increase in frailty for a participant with high levels of AD pathology (90th percentile), macroinfarcts, and severe nigral neuronal loss was two times more rapid than an individual with only low levels of AD pathology (10th percentile). The rate of cognitive decline for a participant with high levels of AD pathology (90th percentile), macroinfarcts and severe nigral neuronal loss was 10 times more rapid than an individual with only low levels of AD pathology (10th percentile).
As shown in Table 4 , together the terms for demographic variables and postmortem indices included in this model explained more than 15% of the variance of progressive frailty. In contrast, these same demographic variables and postmortem indices explained more than 30% of the variance of declining cognition.
Discussion
The majority of very old adults in this community-based study of more than 2,000 individuals, followed for an average of 6 years, exhibited progressive physical frailty and Notes: AD = Alzheimer's disease. *Estimated from simultaneous bivariate random coefficient models which included terms for baseline and rate of change in frailty and cognition. To this core model, we added terms to control for demographics (age, sex, and education) and four pathologies and their interactions with the rate of change in cognition and rate of change in frailty. This table only shows the interaction between demographic variables and brain pathologies and the rates of change in cognition and frailty. The other terms included in the model are not shown. cognitive decline. There was a strong correlation between the rate of worsening physical frailty and cognition and this correlation was not explained by demographic variables, race, or the number of chronic health conditions developed during the study. Analyses of frailty's components suggest that the strong correlation between the rates of change in physical frailty and cognition is primarily due to gait speed and grip strength. Among more than 800 participants who died and underwent autopsy, macroinfarcts, AD, and PD pathology showed independent associations with the rate of change of both physical frailty and cognition. Overall these data suggest that late-life progressive physical frailty and declining cognition are strongly correlated and this may be due in part because they share a common pathologic basis.
Prior longitudinal studies have shown that both frailty and cognition worsen over time, but these studies have not examined whether their rates of change in the same individuals are associated (13, 14) . Understanding the extent to which their worsening is correlated has important translational consequences for identifying at risk individuals as well as for efforts to explicate their underlying biology. Several studies which have examined whether declining motor and cognitive function are associated have reported mixed results (24) . A prior study in one of these cohorts found a strong correlation between the rate of change in Parkinsonism and cognition (25) . In contrast, a more recent study did not find any correlation between the rate of change in motor function and cognition (26) .
To fill this gap in our knowledge, the current study examined simultaneous change models which provide cross-sectional and longitudinal perspectives of frailty and cognition in the same individuals. This study confirms that individuals with higher baseline levels of frailty generally had lower levels of cognition. Second, overall both frailty and cognition worsen over time. Third, this study confirmed that baseline levels of frailty and cognition predicted the subsequent rate of change in either frailty or cognition. However, together these associations which are usually examined accounted for only a minority of <20% of the estimated variance of frailty and cognition. This underscores the necessity of identifying other features such as the rates of change of frailty and cognition which might account more fully for progressive frailty and cognition in older adults.
Nearly all the cases in this study showed some degree of progressive frailty and more than 80% showed concomitant clinical evidence of cognitive decline. The estimated correlation between the rates of change in frailty and cognition showed that their rates of change were more strongly associated, than previously recognized, accounting for >50% of the estimated variance in some models. The strong correlation between the rates of change in frailty and cognition is similar to a prior report in one of these cohorts which compared the rates of change in parkinsonism and cognition and may reflect the suggestion that both constructs, that is, parkinsonism and physical frailty, may measure different aspects of late-life motor impairment (26) . These data have important public health consequences because they suggest that the majority of older adults experience both progressive frailty and cognitive decline and that their dissociation is uncommon. Therefore, the projected population increase in older individuals over the coming decades will require public health interventions not only for cognitive impairment but also likely to require care for concomitant progressive frailty.
The measure for frailty used in this study is based on the classification system for physical frailty proposed by Fried and colleagues (10) and has been used by many investigators. Nonetheless, considerable debate surrounds the extent to which cognition should be included in the definition of the syndrome and as yet there is no consensus on this issue (27, 28) . Nonetheless, the current study suggests that analyzing physical frailty with cognition separately can offer insights into common features and facets which might not be apparent if both constructs are summarized into a single complex clinical phenotype (29) .
Traditionally, cognitive and physical functions are considered separate outputs of distinct neural systems and affected by distinct neurologic diseases and their underlying pathologies (1-6). Nonetheless, there is increasing evidence that both cognition and physical function may rely on similar underlying neural systems essential for planning and monitoring goal-directed behavior including attention, decision making, and executive functions (30, 31) . Furthermore, as deficits accumulate in older adults, increased sharing of shrinking residual resources may contribute to the strong association between the rate of change in cognition and frailty observed in the current study (32) . The strong association between simultaneous change in frailty and cognition suggests that they may share a common pathologic basis. Recent reports have reported associations between several common brain pathologies and impaired physical and cognitive function in older adults without overt neurologic diseases (5, (33) (34) (35) . However, these studies have not examined the associations of these pathologies with the rate of change of frailty and cognition in the same individuals.
Brain pathologies examined in the current study explained more of the variance of declining cognition than progressive frailty (about 30% vs about 10%). Because we are unaware of similar analyses, it is unknown if these differences provide evidence that these pathologies are differentially associated with frailty and cognition or whether this reflects differences in the metrics of the frailty and cognitive measures employed. In addition, cognition does not rely directly on structural elements outside the brain. Therefore, non-neurologic causes of cognitive impairment such as those associated with systemic disease must still be mediated through the brain. In contrast, motor features contributing to physical frailty derive from motor control systems which reside both within the brain as well as in various other CNS regions including the brainstem and spinal cord. Moreover, through peripheral nerves, these motor control systems are integrated together with peripheral musculoskeletal structures and non-neurologic systems such as cardiopulmonary function and systemic metabolism. Thus, it is likely that physical frailty and cognition may show some degree of inter-relationship due to the effect on both from processes occurring in the brain but that overall brain pathology may account for a greater amount of declining cognition. Further studies are needed to determine the contributions of different CNS regions outside of the brain and non-neural systems to physical frailty (36) . Nonetheless, the current data extends prior reports by showing that the accumulation of diverse brain pathologies in older adults is likely to contribute to both progressive frailty and declining cognition in the same individuals (Figure 1) (5,33-35 ). These data suggest that the accumulation of diverse common brain pathologies may affect a much larger number of older adults, who may manifest varying degrees of frailty and cognitive impairments not severe enough for traditional neurologic diagnoses. Thus, a much larger number of older adults might benefit from treatments developed for AD, PD, and cerebrovascular pathologies.
The study has strengths that lend confidence in the findings. All participants were recruited from the community and underwent an annual detailed clinical evaluation. Uniform, structured clinical, and postmortem procedures were followed. Autopsy rates were very high and all postmortem evaluations were performed by examiners blinded to all clinical data. The analytic approach employed in this study permitted simultaneous characterization of both cross-sectional and longitudinal association in the same individuals. The availability of postmortem indices provided an opportunity to examine whether frailty and cognition may share a common pathologic basis. However, this study cannot determine if the association with pathology is causal or that frailty and cognition are affected by a third latent variable. The large number of cases provided sufficient power to evaluate demographic and clinical variables that might have affected results.
This study has important limitations. First, participants were selected by their willingness to participate in these studies and their rates of chronic diseases may be lower than other studies suggesting that they may not represent the general population. Longitudinal studies of populationbased samples are needed. Some of the individual components of physical frailty were assessed crudely such as body mass index and fatigue which may have resulted in an underestimation of change in frailty. Although regression to the mean cannot be excluded, annual follow-up rates were high and the use of composite measures minimized floor and ceiling effects. Because most of the postmortem indices were obtained from traditional cognitive regions, the findings may underestimate the association with frailty. Observation over a longer period of time would likely improve the estimation of individual patterns of progressive frailty and cognitive decline. 
